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ABSTRACT In a previous study of promoters dependent on the Escherichia coli cyclic AMP receptor protein (CRP), carrying tan- 
dem DNA sites for CRP, we found that the upstream-bound CRP could either enhance or repress transcription, depending on its 
location. Here, we have analyzed the interactions between CRP and the C-terminal domains of the RNA polymerase a subunits 
at some of these promoters. We report that the upstream-bound CRP interacts with these domains irrespective of whether it up- 
or downregulates promoter activity. Hence, disruption of this interaction can lead to either down- or upregulation, depending 
on its location. 

IMPORTANCE Many bacterial promoters carry multiple DNA sites for transcription factors. While most factors that downregulate 
promoter activity bind to targets that overlap or are downstream of the transcription start and — 10 element, very few cases of 
repression from upstream locations have been reported. Since more Escherichia coli promoters are regulated by cyclic AMP re- 
ceptor protein (CRP) than by any other transcription factor, and since multiple DNA sites for CRP are commonplace at promot- 
ers, our results suggest that promoter downregulation by transcription factors may be more prevalent than hitherto thought, 
and this will have implications for the annotation of promoters from new bacterial genome sequences. 
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There are many examples of bacterial promoters that are regu- 
lated by the binding of multiple transcription factors. Such 
regulation provides a way of integrating different environmental 
cues to modulate gene expression profiles ( 1 ) . The contribution of 
each individual transcription factor can be dramatic or subtle, but 
the overall outcome is transcription regulation that can be fine- 
tuned to permit adaptation to changing circumstances. At many 
promoters, two transcription activator proteins can work together 
by interacting with the C-terminal domains of the two RNA poly- 
merase a subunits ( aCTD ) . This is facilitated by the flexible linker 
that joins aCTD to the rest of the a subunit, which allows aCTD 
to extend far upstream to contact activators directly (1). 

One activator, for which the contact with aCTD is well docu- 
mented, is the Escherichia coli cyclic AMP receptor protein (CRP), 
a global transcription factor that regulates more than 200 tran- 
scription units (2, 3). CRP has a surface-exposed patch of amino 
acid side chains known as activating region 1 (AR1) that interacts 
with surface side chains of aCTD denoted "the 287 determinant." 
Previously, we and others have demonstrated that CRP bound at 
tandem binding sites at some promoters can function synergisti- 
cally to activate transcription (4, 5) and that the upstream CRP 
functions exclusively via contact with aCTD (6). In studies where 
the promoter-distal DNA site for CRP was systematically moved 
upstream, locations were found where upstream-bound CRP gave 
maximum activation, but, surprisingly, at some locations, the dis- 
tal CRP downregulated promoter activity (7, 8). Hence, in this 
study, we sought to elucidate the mechanism by which upstream- 
bound CRP can have a negative effect upon transcription. 

Our strategy was to use RNA polymerase containing aCTD 



derivatized with the Fe-BABE chemical nuclease (9, 10) to com- 
pare the juxtaposition of CRP and aCTD at some of the promot- 
ers, described by Tebbutt et al. (8), with tandem DNA sites for 
CRP. These promoters have one DNA site for CRP centered 
between base pairs 61 and 62, upstream from the transcript 
start (i.e., position —61.5), and a second DNA site for CRP 
located further upstream, at positions —93.5, —103.5, —113.5, 
— 117.5, and —122.5. Tebbutt et al. (8) showed that, compared 
to the activity of the starting promoter CC{ — 61.5), with a sin- 
gle DNA site for CRP at position —61.5, the second DNA site 
for CRP at the CC(-93.5)CC{-61.5), CC(- 103.5)CC{-61.5), 
CC(-113.5)CC(-61.5), and CC(- 117.5)CC(-61.5) promot- 
ers increased CRP-dependent promoter activity. In contrast, 
the second DNA site for CRP at the CC(- 122. 5)CC(- 61.5) 
promoter results in reduction of promoter activity, and data 
from a repeat of Tebbutt's experiments are listed in Table SI in 
the supplemental material. To facilitate our Fe-BABE chemical 
nuclease experiments, the —10 hexamer element of each pro- 
moter was changed from 5' CATAAT 3' to the consensus 5' T 
ATAAT 3 ' , which improves RNA polymerase binding. The new 
promoter derivatives were suffixed with "pl2T," and base se- 
quences are shown in Fig. SI in the supplemental material. 
Data in Table SI in the supplemental material show that, for 
promoters with the pl2T substitution, the patterns of activa- 
tion or repression by upstream-bound CRP are unaffected, 
though measured promoter activities are higher due to the 
overall increase in promoter strength. 

Using purified CRP and purified RNA polymerase holoen- 
zyme, reconstituted with a subunits that had been conjugated 
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FIG 1 Fe-BABE-mediated DNA cleavage patterns at the different promoters, as revealed by gel and phosphoimager analysis, with a trace along each lane. 



with Fe-BABE at residue 302, transcriptionally competent open 
complexes were formed on 32 P end-labeled DNA fragments car- 
rying each of the promoters. Fig. 1 shows the Fe-BABE-mediated 
DNA cleavage patterns at the different promoters, as revealed by 
gel and phosphorimager analysis, with a trace along each lane. At 
each of the promoters, DNA cleavage occurs adjacent to CRP 
bound at the site centered at position —61.5, and this cleavage is 
not affected by the upstream-bound CRP. At promoters with tan- 
dem CRP sites, additional cleavage occurs adjacent to the up- 
stream CRP, and as the upstream-bound CRP moves from posi- 
tion — 93.5 to position — 122.5, the cleavage sites move in register. 
In previous work with RNA polymerase containing a subunits 
conjugated to Fe-BABE at residue 302, we found that the distance 
between the center of a CRP site and the positions of upstream and 
downstream Fe-BABE-mediated DNA cleavage on each strand 
were 23/24 bp and 18/19 bp, respectively ( 10). Analysis of our data 
here reveals identical cleavage patterns, indicating that when 
bound adjacent to either promoter, proximal or distal CRP, the 
aCTDs are oriented so as to interact with AR1 of CRP. Taken 
together, these data indicate that, during the course of the exper- 
iment, the aCTDs are able to visit each available DNA position 
adjacent to CRP and interact with AR1, including at the 
CC( — 122. 5)CC( — 61.5) promoter, where upstream-bound CRP 
downregulates promoter activity. 

To further analyze the downregulation of the CC( — 122.5)CC(- 
61.5) promoter by upstream-bound CRP, we exploited the HL159 
substitution that renders the CRP AR1 surface defective (2). This was 
combined with a second substitution, EV181, that changes the 
DNA binding specificity of CRP so that it recognizes an altered 
DNA binding sequence ( 1 1 , 1 2 ). Here, we denote the altered DNA 
site for CRP as QQ, and we constructed QQ(-93.5)CC(-61.5), 



QQ( - 1 1 7.5) CC( - 61 .5), and QQ( - 122.5) CC( -61.5) (see Fig. SI 
in the supplemental material). Activity from the promoters was 
analyzed in E. colt cells that express wild-type CRP from the chro- 
mosome and mutant CRP derivatives supplied in trans from a 
plasmid. The data, shown in Table 1, indicate that the presence of 
a defective AR1 in the upstream CRP results in a marked decrease 
in promoter activity at the CC( — 93.5)CC(—61.5) and 
CC( — 11? '.5)CC( — 61 .5) promoters, thus confirming that the dis- 
tal CRP at these promoters enhances transcription via the AR1- 
287 interface. However, the presence of a defective AR1 on the 
upstream CRP at the CC( — 122. 5)CC{ — 61.5) promoter resulted 
in an increase in overall activity, indicating that disruption of the 
AR1-287 interface at this promoter relieves the repressive effect 
exerted by the upstream CRP. We conclude that this repressive 
effect involves a direct contact between the upstream DNA-bound 
transcription factor and RNA polymerase, and we suggest that, by 
interacting with aCTD, CRP is restraining RNA polymerase from 
escaping from the initiation complex. 



TABLE 1 Expression from the QQ( — n)CC( — 61.5) promoter 
derivatives in the presence of CRP mutants" 



Promoter 




Expression 




% 

(A/B) 


CRP EV181 (A) 


CRP EV181HL159 (B) 


QQ(-93.5)CC(- 


61.5) 


3,910 


1,024 


381 


QQ(-117.5)CC( 


-61.5) 


1,256 


943 


133 


QQ(-122.5)CC( 


-61.5) 


3,77 


541 


77 



" The table shows the )3-galactosidase activities measured in Escherichia call strain M182 
crp + cells, containing pRW50 carrying different promoter derivatives and different 
pDCRP plasmids encoding derivatives of CRP. Each data point is the average from at 
least 3 independent experiments that differed by less than 5%. 
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Implications. There are few documented cases of transcription 
factors that repress transcription when bound upstream of pro- 
moters. For example, at the E. coli guaB promoter, CRP bound to 
a DNA site at position —117.5 decreases promoter activity, al- 
though the precise mode of action is still unknown (13), and at the 
E. coli yfiD promoter, activation by FNR, a transcription factor 
related to CRP, is suppressed by a second upstream-bound FNR 
molecule, though aCTD is not involved (14). Here, we have un- 
covered a mechanism that is similar to that of the p4 protein from 
the Bacillus subtilis phage, ip29, where, at the phage A2c promoter, 
p4 binds to a DNA site at position — 7 1 . 5 and interacts with aCTD 
to mediate repression (15). The significance of all these findings is 
that they point to a layer of complexity within bacterial transcrip- 
tion regulatory regions that will have consequences for the anno- 
tation of both published and newly sequenced bacterial genomes. 
Hence, annotation based simply on DNA binding site identifica- 
tion may provide false information about how different signals are 
integrated to regulate genes. The most sophisticated bioinfor- 
matic analysis will be unable to accurately predict regulation of 
any promoter without equally sophisticated knowledge of the 
mechanisms by which transcription factors interact at promoters. 

SUPPLEMENTAL MATERIAL 
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Text SI, DOCX file, 0.1MB. 

Figure SI, DOCX file, 0.1 MB. 

Table SI, DOCX file, 0.1 MB. 

Table S2, DOCX file, 0.1 MB. 
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